Background: Early initiation of alcohol drinking has been associated with increased risk of alcohol dependence in adulthood. Although negative affect mediated in part by corticotropin-releasing factor (CRF) is a strong motivator for alcohol consumption in adults, comparisons of alcohol withdrawal in adolescents and adults generally have not included CRF-related measures such as anxiety. The purpose of the present study was to compare withdrawal signs including anxiety-like behavior after a brief multiday alcohol treatment in adolescent and adult male and female rats.
O
NSET OF ALCOHOL use during the teenage years predicts higher levels of adult alcohol abuse, especially in individuals with genetic and environmental vulnerabilities (Hingson and Zha, 2009; Windle et al., 2008) . Both men and women who begin drinking alcohol early in adolescence have higher levels of adult alcohol abuse and dependence than those who start in adulthood (Clark et al., 1998; Livingston and Room, 2009; Pitkanen et al., 2005) . Similarly, compared to adults, adolescent rodents drink more alcohol, either under conditions of single bottle consumption or choice drinking (Doremus et al., 2005; Schramm-Sapyta et al., 2008; Vetter et al., 2007; Wills et al., 2008) . Understanding the factors which motivate alcohol consumption during adolescence may facilitate the development of effective treatments of alcohol abuse during adolescence and prevent the development of persisting alcohol dependence in adulthood. Our laboratory and others have shown that the acute aversive effects of alcohol are less in adolescent rodents than adults (Anderson et al., 2010; Schramm-Sapyta et al., 2010 , 2014 . However, the intensity of the aversive effects of repeated alcohol exposure such as the withdrawal syndrome has not been well characterized in adolescents. One particular gap in our understanding is the potential role played by corticotropin-releasing factor (CRF) and corticosterone.
Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis is thought to mediate the negative affect component of withdrawal and contribute to relapse and continued consumption (Blaine and Sinha, 2017; Koob et al., 2014; Tunstall et al., 2017) . Both acute alcohol exposure and acute withdrawal activate the HPA axis and production of glucocorticoids. There is a growing appreciation that preventing alcohol withdrawal with glucocorticoid-or CRF-targeted strategies to block the aversive effects of protracted abstinence may be useful in adults Zorrilla et al., 2013) . However, as the responsiveness of the HPA axis to stressors like alcohol withdrawal changes from adolescence to adulthood (Romeo et al., 2016) , it is difficult to predict efficacy of these different targets in adolescent alcohol users.
The main purpose of the present study was to evaluate the negative affect experienced during alcohol withdrawal in adolescent and adult rats to determine whether negative affect represents an appropriate therapeutic target in adolescent alcohol abusers. Most published studies of withdrawal after adolescent exposure involved treatments that continue to adulthood and withdrawal that was tested in adulthood. While these studies achieve the goal of understanding the persevering effects of adolescent alcohol exposure, they do not provide insight into the process of withdrawal in adolescence, the most vulnerable time for initiation of alcohol intake. We used a model of brief but intense alcohol exposure in which adolescents and adults were exposed to the same alcohol regimen and achieved comparable blood alcohol concentrations (BACs). In this paradigm, younger animals remained within the adolescent developmental window during withdrawal testing. We evaluated acute withdrawal signs and corticosterone secretion during withdrawal, as both have been proposed to contribute to negative affect during withdrawal. Finally, as glucocorticoid secretion has been proposed to contribute to alcohol withdrawal intensity (Sharrett-Field et al., 2013; Strong et al., 2009; Vendruscolo et al., 2012 Vendruscolo et al., , 2015 , we evaluated both basal corticosterone during early withdrawal and alcohol-stimulated corticosterone secretion in vehicleand alcohol-treated animals.
MATERIALS AND METHODS

Experimental Subjects
Adolescent (postnatal day [PN] 28 to 30) or adult (PN 70 to 73) Sprague-Dawley rats were received from Charles River Laboratories (Raleigh NC) on PN 21 and PN 63, respectively, and group-housed in a 12/12-hour light/dark cycle with free access to water and standard laboratory chow. All treatments were approved by Duke University's Institutional Animal Care and Use Committee.
Repeated Alcohol Treatment
Dosing occurred over 5 days for a total of 15 doses (Fig. 1) . Animals received intraperitoneal injections at approximately 1000, 1300, and 1600 hours. Experimental animals received 1.5 g/kg doses of alcohol (14.25% v/v alcohol in deionized water mixture). Control animals received a vehicle (0.9% saline) injection of a similar volume at each of these time points. Treatment duration and alcohol dose were selected based on previous studies which induced dependence in a relatively short time frame (Zhang et al., 2007) .
Spontaneous Withdrawal Testing
Spontaneous behaviors during withdrawal were measured and scored by an experimenter blind to drug treatments 18 hours after the final dose of alcohol or vehicle. This time point was selected as the middle of the time period when animals demonstrate maximal spontaneous withdrawal across varying routes of administration (Macey et al., 1996) . Behaviors scored included tail rigidity, vocalizations when handled, abnormal posture and/or gait, and tremor (including "wet dog shakes"). Scores are taken on a 0-to 2-point scale (0-no sign, 1-moderately severe, and 2-severe) for a total of 8 possible points.
Light/Dark Box Anxiety Testing
Anxiety-like behavior was measured 18 hours after the final dose via light/dark box testing. This test was performed with Kinder Scientific (Poway, CA) activity monitors (40 9 40 9 40 cm) fitted with "dark" IR-transparent inserts (20 9 40 9 40 cm). The room was illuminated by incandescent lamps, resulting in 85 to 125 lx on the light side and 0 to 2 lx on the dark side. A small opening allowed free movement between the 2 sides. The floor of both halves of the box was covered with corncob bedding. Each rat was initially placed in the dark section and was monitored for 15 minutes in the box, with free choice to move between and within sections of the box.
Anxiety-related measures (including time spent in the light compartment, distance traveled in the light compartment, latency to enter the light compartment, and number of light side entries) and locomotion measures were determined using position and movement data collected during light/dark box testing. Immediately after light/dark box testing, animals were euthanized.
Corticosterone Measurement
Sera from trunk blood samples were used for analysis of circulating levels of corticosterone via radioimmunoassay (Coat-A-Count; Siemens Medical Solutions Diagnostics, Los Angeles, CA) as previously reported (Schramm-Sapyta et al., 2008) . To assess stressinduced HPA axis activation during withdrawal, trunk blood was collected from adolescent and adult males and females 18 hours after the end of alcohol treatment and plasma corticosterone determined. Slightly more alcohol-treated rats were run in anticipation of variance due to changes elicited by alcohol and potential estrous cycle effects that were not observed. To evaluate further the influence of alcohol treatment on HPA axis function, we treated cohorts of adolescent and adult male and female rats with vehicle or alcohol according to the described protocol. Animals were killed 1 hour after the last injection, and blood was collected for determination of corticosterone.
Blood Alcohol Concentration
To determine BAC following acute administration by injection, adult and adolescent rats were injected intraperitoneally (14.25% v/v alcohol in deionized water mixture) at a dose of 1.5 g/kg. Three separate experimental groups were used: One group received just 1 injection; the second group received 2 injections with 3 hours between injections; and the third group received 3 injections, also with 3 hours between injections. This time frame mirrored the injection administration paradigm described above. Trunk blood was collected from each experimental group 1 hour following the final injection they received. This timing captures BAC peaks following each of the 3 daily injections delivered in our experiment. For blood collection, animals were deeply anesthetized via isoflurane and immediately sacrificed. Trunk blood was collected, and serum was removed from these samples for BAC analysis. BAC analysis was performed with an Analox GL-6 analyzer (Analox Instruments, Stourbridge, UK).
Body Weight
Animals were weighed daily, and body weight was assessed by repeated-measures analysis of variance (ANOVA). Body weight varied by age and sex, but there was no effect of alcohol treatment in adults or adolescents (data not shown).
Statistics
Data were analyzed by 3-way ANOVA (age, sex, and treatment as factors) using NCSS software (Kaysville, UT). Interactions were further analyzed by follow-up lower level ANOVAs and post hoc Fisher's Least Significant Difference (LSD) test for multiple comparisons.
RESULTS
Blood Alcohol Concentration
BAC 1 hour after 1, 2, or 3 injections in adolescent and adult male and female rats is shown in Table 1 Results reported as g/dl AE SEM (N = 6 to 10 for adolescents, 10 to 20 for adults). ANOVA indicated a significant effect of sex, F (1, 124) = 9.02, p < 0.003, and injection, F(1, 124) = 10.8, p < 0.001, with gradually incrementing levels across the 3 injections and a marginal effect of age, F(1, 124) = 4.14, p < 0.044. Females had significantly higher BAC than males, and BAC after injection 3 was higher than after injections 1 and 2 by post hoc test. No significant effect of age or interactions among these terms was observed.
Spontaneous Withdrawal at 18 Hours
Spontaneous withdrawal signs were measured as described in Methods 18 hours after the last alcohol dose in adults and adolescents (Fig. 2) . Alcohol withdrawal was associated with modest but significant withdrawal signs in both adults and adolescents, and no sex differences were observed. Alcohol treatment had a significant effect on observed spontaneous withdrawal, F(1, 119) = 106, p < 0.001, and there was a significant effect of age, F = 4.52, p < 0.035, showing lower values from both controls and alcohol-treated adolescents compared to adults. No main effect of sex or interaction with sex was observed.
Anxiety Measures
Time in light and latency to enter light were used as measures in the light/dark test to best reflect anxiety-like behavior in adolescent and adult rats (Arrant et al., 2013c) . More anxious animals are expected to spend less time in light and (Fig. 3A) , ANOVA indicated an overall effect of treatment, F(1, 164) = 12.41, p < 0.001, and age, F = 218.02, p < 0.00001. Lower level ANOVA indicated that in adult rats, 5 days of alcohol treatment resulted in less time in light relative to vehicle-treated controls, F(1, 70) = 7.94, p < 0.01, with no effect of sex and no interactions. In adolescents, no significant treatment effects were observed. For latency (Fig. 3B ), ANOVA indicated a significant effect of treatment, F(1, 164) = 120.4, p < 0.0001, age, F = 52.27, p < 0.00001, and age 9 treatment interaction, F = 6.18, p < 0.013. Adolescents exhibited shorter latencies to emerge than adults in both vehicle-and alcohol-treated groups. Lower level ANOVA demonstrated a significant effect of treatment, F(1, 70) = 13.798, p < 0.004, but not sex in adults. There was no interaction between sex and treatment. In adolescents, ANOVA indicated an effect of treatment, F(1, 94) = 4.08, p < 0.05, with treated adolescents exhibiting longer latencies to emerge than controls, but no effect of sex.
Two additional measures of anxiety-like behavior, distance in light and entries into light, showed a similar pattern of treatment and age effects. For distance in light (Fig. 3C ), ANOVA showed a significant effect of treatment, F(1, 164) = 6.74, p < 0.01, and a significant effect of age, F = 15.22, p < 0.00001, but no interactions. Lower order ANOVA indicated that for adults, there was a significant effect of treatment with treated adults locomoting less in the light than controls, F(1, 70) = 9.040, p < 0.003, and a significant effect of sex, F = 6.72, p < 0.011, with females showing more locomotion, but no interaction of sex and treatment. For adolescents, there was no significant effect of treatment or sex. ANOVA for light entries (Fig. 3D ) indicated a significant effect of treatment, F(1, 164) = 19.03, p < 0.00021, age, F = 18.71, p < 0.0003, and age 9 treatment interaction, F(1, 164) = 5.14, p < 0.02, but no effect of sex. Lower level ANOVA indicated that for adults, there was a significant effect of treatment, F = 9.7, p < 0.0003, but no effect of sex, and no interaction between sex and treatment. For adolescents, ANOVA indicated no significant effects of treatment or sex.
Basal Corticosterone: 18 Hours Withdrawal
Basal corticosterone was measured 18 hours after withdrawal (Fig. 4) . Adult females had higher corticosterone than males, but corticosterone was not elevated in alcoholtreated animals relative to vehicle-treated animals. ANOVA revealed a significant effect of sex, F(1, 94) = 8.41, p < 0.005, but no effects of age or treatment, and no interactions among terms.
Corticosterone Challenge: 18 Hours Withdrawal
Eighteen hours after the final injection of the 5-day treatment paradigm, animals received a challenge injection of alcohol (3 g/kg) and blood was collected 1 hour later (Fig. 5) . Ns were slightly larger in vehicle-treated groups than alcohol-treated groups, as pilot studies indicated that the alcohol response in dependent animals was highly suppressed, and we could use fewer experimental animals to test our hypothesis. This alcohol challenge resulted in high corticosterone levels in vehicle-treated animals, but levels indistinguishable from the basal levels reported in Fig. 4 in animals that had received 5 days of alcohol treatment. ANOVA revealed a significant effect of treatment, F(1, 75) = 58.9, p < 0.001, but no effects of age or sex, and no interactions among terms.
DISCUSSION
The main finding of this study is that brief alcohol exposure results in comparable acute spontaneous withdrawal signs in both adolescents and adults, while light/dark boxmeasured anxiety-like behavior was significantly less in adolescents than adults 18 hours after alcohol treatment. Both adolescents and adults exhibited profound tolerance to alcohol-induced corticosterone secretion after this brief exposure. The only sex difference observed was a significant effect on distance in light in the light/dark test (but no interaction with treatment). These results suggest that the CRF-mediated withdrawal syndrome thought to motivate craving, relapse, and escalated alcohol consumption in alcohol-dependent adults (Koob, 2014) may be less intense during early chronic use in adolescents.
The risk of developing alcohol dependence is significantly related to early onset of alcohol consumption (Spear and Swartzwelder, 2014) . Additionally, a rapidly expanding body of research shows that binge alcohol consumption throughout adolescence has persevering effects on brain and behavior (Crews et al., 2016; Spear, 2015) . Despite these risks, the behavioral and neurobiological mechanisms which mediate the enhanced binge alcohol consumption typical of adolescence are not well understood. In adults, the rewarding effects of alcohol are thought to be important during initiation of alcohol use. For those who progress to elevated levels of consumption, growing alcohol tolerance motivates increased drinking. In the subset of adults who progress to high levels of consumption, aversive consequences of withdrawal play an increasing role in consumption (Koob, 2013) . The goal of the present study was to investigate the latter mechanisms, which may be mediated in part by enhanced release of CRF, dynorphin, glucocorticoids, and perhaps other neuromodulators during alcohol withdrawal (Koob, 2013) .
BAC 1 hour after each of the 3 injections did not differ by age. These findings are consistent with other studies in which alcohol was delivered by intraperitoneal injection (Varlinskaya and Spear, 2002) but contrast with previous results showing that adolescents achieve slightly lower BAC after intragastric delivery (Morris et al., 2010) . The injection route was selected for the present study to determine effects resulting from comparable alcohol exposure in adults and adolescents. Previous studies utilizing either intragastric administration or administration in a liquid diet produced significantly different alcohol exposures in adolescents and adults (Harper et al., 2017; Morris et al., 2010) .
Withdrawal signs in alcohol-treated animals were mild, consistent with previous work using higher-intensity alcohol exposure, but statistically significant compared to withdrawal signs in controls. Withdrawal signs were comparable in adolescents and adults, a result consistent with other studies that have demonstrated that adolescent rats exhibit acute withdrawal comparable to adults so long as they are treated with enough alcohol to achieve comparable BACs (Majchrowicz, 1975; Morris et al., 2010) .
The absence of robust sex differences in any of the withdrawal measures was consistent with the literature if BACs are considered. Alcohol withdrawal seizures are milder in female than in male rats (Alele and Devaud, 2007; Reilly et al., 2009) , and comparable anxiety responses have been reported after repeated withdrawal from alcohol delivered in a liquid diet (Overstreet et al., 2004) . As females in the present study experienced slightly higher BAC values, the comparable spontaneous withdrawal and anxiety-like behavior observed are consistent with the former studies. Alcoholinduced corticosterone elevation was comparable in males and females. This result was somewhat surprising, as female rodents are reported to exhibit higher HPA responses to acute alcohol treatment (Rivier, 1993) as they do to many stressful stimuli relative to males (Handa et al., 1994) . One possible explanation is that the high-dose alcohol paradigm we used precluded sufficient sensitivity to detect sex differences in alcohol-induced corticosterone elevation.
The significant age differences in alcohol withdrawal effects on the measures of anxiety-like behavior in the light/ dark box test contrasted with above-cited findings for spontaneous withdrawal. Alcohol-treated adults spent less time in the open field, exhibited significantly longer latency to emerge into the open field, traveled less distance in the open field, and made fewer light entries than vehicle-treated adults. Compared to controls, alcohol-treated adolescents only demonstrated a significant difference in latency to enter the light side of the box relative to controls, and this difference was less robust than that observed for adults. Similar findings have been reported recently by Lee and colleagues (2016) , who showed that adolescent mice that consumed alcohol (drinking in the dark for 2 hours a day for 2 weeks) exhibited less marble burying at the end of treatment, while adults showed increased marble burying after the same duration of alcohol consumption. However, conflicting outcomes have been reported by others. Spear's group found that social interaction was decreased comparably at both ages after chronic intermittent alcohol exposure (4 g/kg every 48 hours for 10 days) during adolescence and adulthood (Broadwater et al., 2011) . Adolescents and adults that consumed a liquid diet containing alcohol showed similar decrements in social interaction (Wills et al., 2008) and more withdrawal anxiety in adolescents than adults (Harper et al., 2017) .
There are several potential explanations for the discrepancies between the present studies and these previous studies.
In the present study, we employed a brief treatment window to assure that adolescent animals remained within the window of adolescence at the time of testing. Studies showing comparable withdrawal in adolescents and adults involved treatment that was intermittent and longer, allowing more time for adaptation and necessitating that animals were tested at a later developmental stage. In the liquid diet studies, adolescents consumed more alcohol and achieved higher BACs than adults, and withdrawal effects were only significant after multiple cycles, as adolescents approached adulthood (Harper et al., 2017) . In addition, the social interaction task likely taps into different behavioral domains than the light/dark task (File, 1990) .
The demonstration of more robust anxiety-like behavior in the light/dark task in alcohol-withdrawn adults than adolescents may reflect immaturity in the neural circuits related to risk assessment and avoidance behavior. Other studies from our laboratory have shown that adolescent rats exhibit substantially less anxiety-like behavior in this task after a range of pharmacological stimuli including a serotonergic agonist, the alpha 2-adrenergic agonist yohimbine, and the inverse benzodiazepine agonist beta-carboline (Arrant et al., 2013a,b,c) . It is possible that immaturity in amygdala ? cortical connections during early adolescence mediates this age difference in anxiety-like responding. A recent finding that glutamate receptor adaptations in the nucleus accumbens are present in adult but not adolescent mice after 2 weeks of alcohol consumption further implicates the amygdala and cortical projections to the nucleus accumbens that are thought to mediate withdrawal-related negative affect and escalation of alcohol consumption (Gilpin et al., 2015; Lee et al., 2016) . Substantial research shows that adolescent rodents are considerably less sensitive to the acute effects of alcohol (Spear and Varlinskaya, 2005) . The same phenomenon may influence behavioral responses during alcohol withdrawal in young adolescents.
Glucocorticoids such as corticosterone may enhance CRF release in the extended amygdala and thus contribute to alcohol withdrawal-related behaviors (Gilpin et al., 2015; Koob, 2013; Vendruscolo et al., 2012; Zorrilla et al., 2014) . To probe the potential role of the HPA axis in the lower sensitivity of adolescents to anxiety-like behavior during alcohol withdrawal, we evaluated alcohol-induced corticosterone release in alcohol-na€ ıve and alcohol-dependent rats. Alcohol evoked robust and comparable increases in blood corticosterone levels in adolescents and adults that were absent in both adolescents and adults after 5 days of treatment. Withdrawal-induced increases in corticosterone were not significant in either adolescent or adults. Therefore, the different withdrawal-induced anxiety responses in adolescents and adults do not likely reflect differences in HPA axis function. These findings are concordant with a literature showing stimulation after acute alcohol but suppression of the HPA axis in adult rats after chronic treatment (Lee and Rivier, 1997; Richardson et al., 2008) . One study in adolescent rats demonstrated that corticosterone responses to alcohol even remained suppressed in adults that were exposed to alcohol as adolescents (Allen et al., 2016) . However, the predictive value of blood glucocorticoid levels in evaluating alcohol dependence is unclear, as both excessive cortisol release and suppressed cortisol release have been reported in withdrawing alcoholics or heavy drinking populations (Groote Veldman and Meinders, 1996; Stalder et al., 2010) . Glucocorticoid potentiation may be important during extreme stress when glucocorticoid levels are high, during the protracted stage of withdrawal during which CRF mechanisms are important (Koob and Volkow, 2010; Zorrilla et al., 2014) , or after a robust alcohol exposure that stimulates the HPA axis adequately to change expression of glucocorticoidmediated genes Repunte-Canonigo et al., 2015) .
There are several aspects of the experimental design which must be considered in interpreting the present data. The degree of alcohol exposure was high and comparable in adults and adolescents, but brief. While the route of administration provided good control of BAC, it did not simulate human ingestion of alcohol. Additionally, this approach did not provide information about protracted abstinence or adult consequences following adolescent exposure. Future studies with increasing duration of exposure and a dose-response approach to exposure will be needed to provide ideal characterization of protracted abstinence in adolescents.
In summary, the present findings show that, compared to adults, adolescent rats experience less withdrawal-related anxiety behavior. One question for future studies raised by these results is whether the enhanced voluntary consumption in adolescence is mediated by enhanced reinforcing effects of alcohol and/or diminished sensitivity to the aversive effects of both alcohol intoxication and its withdrawal. These answers would have significant implications for the development of appropriate strategies to treat adolescent alcohol dependence. The brief alcohol treatment and withdrawal time frame used in the present study to guarantee evaluation during adolescence raise the caveat that these conclusions may not hold true for more extensive alcohol exposures during adolescence.
